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Abstract 

The Anomalous X-ray Pulsars (AXPs) and Soft Gamma-ray Repeaters (SGRs) are some of the 
most interesting groups of pulsars that have been intensively studied in the recent years. They are 
seen usually as neutron stars with super strong magnetic fields, namely B > 10 14 G. However, in 
the last two years two SGRs with low magnetic fields B ~ (10 12 — 10 13 ) G have been detected. 
Moreover, fast and very magnetic WD pulsars have also been observed in the last years. Based on 
these new pulsar discoveries, white dwarf pulsars have been proposed as an alternative explanation 
to the observational features of SGRs and AXPs. The pulsar magnetic dipole moment depending 
only on the momentum of inertia /, and the observational properties as the period P and its first 
time derivative P, can help to identify the scale of / for SGRs/ AXPs. We discuss here the pulsar 
magnetic dipole moment m of SGRs and AXPs when a model based on a massive fast rotating 
highly magnetized white dwarf is considered. We show that the values for m obtained for almost 
all SGRs and AXPs are in agreement with the observed range 10 34 emu < m < 10 36 emu of isolated 
and polar magnetic white dwarfs, excepted for the two SGRs with low B and the AE Aquarii 
white dwarf pulsar where m ~ 10 33 emu. This supports the understanding of SGRs and AXPs as 
belonging to a class of very fast and magnetic massive white dwarfs, perfect in line to the recent 
astronomical observations of fast white dwarf pulsars. 
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INTRODUCTION 



Recently, an alternative description of the Soft Gamma-ray Repeaters (SGRs) and 
Anomalous X-ray Pulsars (AXPs)pJ based on rotating highly magnetized and very mas- 



sive white dwarfs (WD) has been proposed by Malheiro et al. 2012 |2j, following previous 
works of Morini et al. 1988 3 and Paczynski 1990 Q. In this new description several ob- 
servational features are easy understood and well explained as a consequence of the large 
radius of a massive white dwarf that manifests a new scale of mass density, moment of 
inertia, rotational energy, and magnetic dipole momentum in comparison with the case of 
neutron stars: 

a) The existence of stable WDs can explain, the range of long rotation periods 2 < P < 
12 seconds observed in SGRs and AXPs. In particular, the fact we do not observe any 
SGRs/AXPs with P < 2 s is a consequence of the low surface gravity and density of the 
white dwarf comparing with the neutron stars ones. Boshkayev et al. 2012 performed 
a self consistent calculation of dense and very fast rotating white dwarfs and obtained the 
minimum rotational periods ~ 0.3, 0.5, 0.7 and 2.2 seconds for 4 He, 12 C, 16 O, and 56 Fe WDs 
respectively. 

b) The long standing puzzle of the energetic balance of the SGRs and AXPs pulsars 
is solved: the steady X-ray luminosity Lx observed is smaller than the loss of rotational 
energy of the white dwarf, L x < E TOt , because E rot is ~ 10 4 order of magnitude larger due 
to the WD moment of inertia in comparison with the neutron star one. SGRs and AXPs 
are rotation-powered massive white dwarf pulsars in complete analogy with neutron star 
pulsars. 

c) The large steady luminosity Lx seen of Lx ~ 10 35 erg/s, for so slow pulsars (Q ~ 1 
Hz) is also understood, as a consequence of the large radius of the dense WD that produces a 
large magnetic dipole moment, in the range of the magnetic white dwarfs, as we will discuss 
in this paper. 

d) The large P observed (10 -10 — 10 -13 s/s) are also consequence of the large WD magnetic 
dipole moment, as well of the large radius and the momentum of inertia, and not only of the 
magnetic field as it is the case for neutron stars in the magnetar model. Overcritical magnetic 
fields of the order of (10 14 — 10 15 ) G are not more needed to explain the large spin-down 
breaking of the SGRs and AXPs pulsars: they can be understood as highly magnetized WD 
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with large magnetic fields (10 8 — 10 10 ) G. Magnetic white dwarf tends to be more massive 
and small jsj, exactly the properties shared by SGRs and AXPs as rotation powered dense 
white dwarfs . 

e) The burst activity quite frequent in this sources is a consequence of their large angular 
velocity, near to the break-up, and close to the rotational instability. In this critical situation, 
the gravity can stress the star producing glitches originating the outburst and large flares 
observedp, |8j. The scale of the rotational energy delivery by these glitches is also in the 
agreement with the outburst and giant flares energies of (10 41 — 10 46 ) erg observed, since 
WD rotational energy is at least 10 4 larger than of the NS due to the large momentum of 
inertia (see Figs.(4) and (7) of Malheiro et al. 2012(2]). 

f) The small population of SGRs and AXPs observed, only 23 in more than 1800 pulsars 
is also understood, since these WD pulsars are quite fast and very magnetic, and as a 
consequence difficult to be formed 9_|. Moreover, astronomical observations indicate that 
isolated magnetic white dwarfs with high magnetic field are only 10% of the total magnetic 
found 0. 

More specifically, for the source SGR 0418+5729 and its interpretation as a white dwarf, 



a crucial result has been recently obtained by Durant et al. 2011[10|, where is shown that 
the optical emission of this source can also be explain by a hot white dwarf. The possibility 
of fast white dwarfs generated by supernovae la has also been investigated, where the rapidly 
rotating WD is formed shortly after the stellar formation episode, and the delay from stellar 
formation to explosion is basically determined by the spin-down time of the rapidly rotating 



merger remnant (see Ilkov and Soker 2012 



111]). Furthermore, recent studies predicted 



that the masses of high-field mag netic WDs should be larger than the average mass of WDs 



(see Garcfa-Berro et al. 2012 



12j). Recently, its has also been proposed that radio emission 



from magnetars might be powered by rotation energy, similarly to what occurs in normal 



and high-B radio pulsars (see N. Rea et al. 2012|13|). 



radio pulsars are in fact rotation-powered neutron stars 14 



n our understanding the high-B 
-|l7j], but the SGRs/AXPs have a 



different nature and are rotation white dwarf pulsars, as discussed here. Other discussions 
about radio emissions were investigated in rotating and oscillating magnetars by focusing 
on the main physical processes determining the position of their death lines in the P — P 
diagram (see Morozova et al. 2012 18]). 

In this paper, we will discuss the magnetic dipole moment m of neutron stars and magnetic 
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white dwarfs, to stress that the values obtained of m for SGRs and AXPs as white dwarfs 
are in agreement with the ones of polar and isolated magnetic WDs. The recent discoveries 
of SGR 0418+5729 (see N. Rea et al 



2012 



20| and Livingstone et al. 2012 



. 2010 



19|) and Swift J1822.3-1606 (see N. Rea et al. 



21] ) with low magnetic field share some properties 22| 
with the recent detected fast WD pulsar AE Aquarii and RXJ 0648.0-4418, and the candidate 
EUVE J0317-855 (see Tabled]), to support the WD description of SGRs and AXPs as white 
dwarf pulsar. 

THE STANDARD MAGNETIC DIPOLE MODEL FOR ROTATION-POWERED 
PULSARS 

The magnetic dipole moment is related to the magnetic field strength at the magnetic 
pole of the star B p by, 

ISth^p, (1) 
where R is the star radius. If the star magnetic dipole moment is misaligned with the spin 
axis by an angle a, the energy per second emitted by the rotating magnetic dipole is (see, 



e.g., Shapiro & Teukolsky 1983[23( and references therein) 



= ~ 3 I * P= -^Wa, (2) 

where m is the second derivative of the magnetic dipole moment, Q = 27r/P its rotational 
frequency and c the speed of light. Thus, the physical quantity that dictates the scale of the 
electromagnetic radiated power emitted is, together with the angular rotational frequency, 
the magnetic dipole moment m of the star. The fundamental physical idea of the rotation- 
powered pulsar is that the X-ray luminosity - produced by the dipole field - can be expressed 
as originated from the loss of rotational energy of the pulsar, 

E rot = -4vr 2 /-^, (3) 

associated to its spin-down rate P, where P is the rotational period, and / is the momentum 
of inertia. Assuming that all of the rotational energy lost by the the star is carried away by 
magnetic dipole radiation, and equaling Eqs. (j2J) and (J3]) we deduce the expression of pulsar 
magnetic dipole moment, 



m 



3c 3 J ^ 1/2 



iTX 2 



PP . (4) 



Thus, from Eq. ([T]) we obtain the surface magnetic field at the equator B e as 24j 



3c 3 / \ 1/2 



where P and P are observed properties and the moment of inertia I and the radius R of the 



star model dependent quantities. Within the model commonly addressed as magnet ar 25. 



261 ]. based on a canonical neutron star of M = IAMq and R = 10 km and then I ~ 10 45 g 
cm 2 as the source of SGRs/AXPs, and from Eqs. (j4j) and (111), we obtain the magnetic dipole 
moment and the magnetic field of the neutron star pulsar, 

m NS = 3.2 x 10 37 (PP) 1/2 emu, (6) 

and 

B m = 3.2 x 10 19 (PP) 1/2 G. (7) 

Let's described all SGRs and AXPs as white dwarfs of radius R = 3000 km and a mass 
M = IAMq, as recent studies of fast and very massive white dwarfs obtained (see K. 
Boshkayev et al. 2012 5[). Thus, these values of mass and radius generating the momentum 
of inertia / ~ 1.26 x 10 50 g cm 2 , will be adopt hereafter in this work as the fiducial white 
dwarf model parameters. Using that parameters we obtain the magnetic dipole moment and 
the magnetic field of the white dwarf pulsar, 

m WD = 1.14 x 10 40 (PP) 1/2 emu, (8) 

and 

Pwd = 4.21 x 10 14 (PP) 1/2 G. (9) 

These results clearly shows that the scale of the dipole magnetic moment in WD is 
~ 10 3 times larger than for neutron stars, exactly the factor seen in the X-ray luminosity 
of SGRs/AXPs when compared with Lx of slow pulsars (P ~1 to 10 s) as XDINsf^ and 
high-B radio pulsars 14Hl7|. Furthermore, the surface magnetic field for WDs is ~ 10 5 
smaller than the ones of neutron stars, eliminating all the overcritical B fields advocated in 
the magnetar model. 



OBSERVATIONS OF SGRS WITH LOW B AND WHITE DWARF PULSARS 

In the last years, new astronomical observations of two SGRs with low magnetic field 
challenged the magnetar model of SGRs where the large magnetic field is the source of 

5 



the steady X-ray luminosity observed, and also responsible for the outbursts seen as the 
main characteristic of these type of pulsar. Moreover, the characteristic ages r = P/2P of 
these two magnetars SGR 0418+5729 and Swift J1822.3-1606 are r ~ (10 6 - 10 7 ) years, 
making them older comparing with all the others SGRs and AXPs r ~ (10 3 — 10 4 ) years, an 
age usually seen as an indication for the association of SGRs/AXPs as young neutron star 



produced on supernova explosions 19|-|21|. 



These two sources even old and with a low surface dipole magnetic field, are still very 
active, with an X-ray quiescent luminosity Lx ~ 200E TOt (where E is calculated with a 
neutron star momentum of inertia). To explain this energetic unbalance in the magnetar 
model, the toroidal magnetic field needs to be two order of magnitude larger than the surface 
poloidal field. Something new in the magnetar model since both magnetic fields where always 
large but at the same order for the other SGRs and AXPs. 

Furthermore, some sources have even been tentatively proposed as candidates for white 
dwarf pulsars. A specific example is AE Aquarii, the first white dwarf pulsar, very fast with 
a short period P = 33.08 s 28|-|30[. The rapid braking of the white dwarf and the nature 
of pulse hard X-ray emission detected with japanese SUZAKU space telescope under these 



conditions can be explained in terms of spin-powered pulsar mechanism 



3l|-|33|. Although 



AE Aquarii is in a binary system with orbital period ~ 9.88 hr, very likely the power due 



to accretion of matter is inhibited by the fast rotation of the white dwarf 



34). 



More recently, X-ray multimirror mission (XMM)-Newton sate 



dwarf pulsar faster than AE Aquarii. Mereghetti et al. 2009 35 



lite had observed a white 
showed that the X- 



ray pulsator RX J0648. 0-4418 is the most massive white dwarfs currently known with mass 
M = 1.28M and radius R = 3000 km and very fast with spin period P = 13.2 s. That 
belongs to the binary systems HD 49798/RX J0648. 0-4418. The luminosity L x ~ 10 32 erg/s 
in this source is produced by accretion onto the white dwarf of the helium-rich matter from 
the wind of the companion, as discussed by Mereghetti et al. 2009. In this work, we do not 
consider the accretion model, instead we describe RX J0648. 0-4418 as a rotation powered 
white dwarf, and obtain the magnetic dipole moment and magnetic field, using the above 
mentioned fiducial parameters of a fast rotating magnetized white dwarf. 

EUVE J03 17-855, is another observed WD pulsar candidate discovered as an extreme- 



ultraviolet (EUV) source 



plorer EUVE survey 



37 



yy the ROSAT Wide Field Camera and Extreme Ultraviolet Ex- 



Barstow et al. 1995 



40j obtained a period of P ~ 725 s, 
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which is also a fast, massive and very magnetic white dwarf with a dipole magnetic field is 
B ~ 4.5 x 10 8 G, and a mass (1.31 — 1.37)M Q which is relatively large compared with the 
typical WD mass ~ O.6M . However, no pulse emission have been detected from EUVE 
J03 17-855, which may suggest that the electron-positron creation and acceleration does not 
occur (see Kashiyama et al. 201lj3^]). EUVE J0317-855 has a white dwarf companion, but 
is supposed to be no interaction between them, because of their large separation (> 10 3 
UA). 

In Table [J we compare and contrast the parameters of these three fast white dwarfs with 
the two SGRs with low B described in the white dwarf model presented before. We see that 
several features of two SGRs with low magnetic field are very similar to the ones of fast 
and magnetic white dwarfs recently observed. They are old, characteristic ages of Myr, low 
quiescent X-ray luminosity Lx ~ (10 31 — 10 32 ), magnetic field of -Bwd ~ (10 7 — 10 8 ) G and 
magnetic dipole moments of mwD ~ (10 33 — 10 34 ) emu. These results give evidence for the 
interpretation of SGRs/AXPs as being rotating white dwarf pulsars. 



DIPOLE MAGNETIC MOMENT OF NEUTRON STARS AND WHITE DWARFS 



The possibility that strongly magnetized white dwarfs, could behave as neutron star 
pulsars with a pulse emission of high-energy photons in the X-ray to 7-ray band, originate 
interesting and very suggestive plots done for the first time by Terada et al. 4ll443j|: plots 
of the magnetic field strength and the dipole magnetic field as a function of the period 
of neutron stars and white dwarfs. In this paper, we reproduce these plots including the 
SGRs and AXPs as neutron stars (magnetars) and white dwarfs, using for them the fiducial 
parameters presented before, and including the fast WDs recently discovered. 

In Fig. [T] upper panel, we present the magnetic field as a function of the period. Here 
we see that the magnetic field B of the SGRs and AXPs as NSs or WDs are quite different 
(~ 10 5 order of difference) as pointed out before and also in Malheiro et al. 2012 [2j. The 
magnetic field B of the two recent SGRs discovered (blue full circle) are comparable with 
the ones observed for the fast white dwarfs also ploted (black full circles). The magnetic 
fast white dwarfs are separated in two classes: isolated (orange triangles) and polars (blue 
asterisks), very magnetic with B ~ (10 7 — 10 8 ) G, and the intermediate polars (gray triangle) 
with weaker field B ~ 10 5 G (few isolated magnetic WDs also belong to that class). 
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In Fig. [T] down panel, the magnetic dipole moment m is presented as a function of the 
rotational period. To calculate from Eq. (JS} the values of m for SGRs/AXPs (as white 
dwarfs), and also for the three fast white dwarfs of Table (TJ we used the radius R = 3000 
km in agreement with Boshkayev et al. 2012 5], whereas for the others white dwarfs we 
adopted R = 10 4 km following Terada et al. 2010 (for NSs the radius used is R = 10 km). 
This figure clearly shows that because of the small WD radius of the fast and massive white 
dwarf comparing to normal WD, the large magnetic field of the SGRs/AXPs as white dwarfs 
generated a magnetic dipole moment 10 34 < m < 10 36 emu, exactly in the range of isolated 
and polar magnetic white dwarfs . 

This plot also shows that the property of white dwarf magnetic dipole moment range to 
be almost independent of the rotational period, is also reproduced by the SGRs and AXPs 
in the white dwarf model. This is not true for neutron stars where m increases with period 
P. This increase (slope) of m with P (see Fig. [1] down panel) is in fact much larger for 
SGRs/AXPs as NSs comparing to normal X-ray pulsars, and the magnitude of m is quite 
large 10 32 < m < 10 33 emu a manifestation of the overcritical magnetic fields deduced in 
the magnetar model. 

The values for m ~ (10 33 — 10 34 ) emu of the two SGRs with low B, are exactly at the 
same order of the three white dwarf pulsars observed (see Tabled]), and in the lower values 



43]. 



of the observed isolated and polar white dwarf magnetic dipole moment range 

The large steady X-ray emission Lx ~ 10 35 erg/s observed in the SGRs/AXPs is now 
well understood as a consequence of the fast white dwarf rotation (P ~ 10 s), since the 
magnetic dipole moment m is at the same scale as the one observed for the very magnetic 
and not so fast white dwarfs. These evidences supports the description of SGRs and AXPs 
as belonging to a class of very fast and magnetic massive white dwarfs perfect in line with 
recent astronomical observations of fast white dwarf pulsars. 
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TABLE I: Similarities of SGRs with low magnetic field and white dwarf pulsars. The observational 
properties of five sources: SGR 0418+5729, Swift J1822. 3-1606, two observed white dwarf pulsars, 
and the candidate EUVE J0317-855. For the SGR 0418+5729 and Swift J1822. 3-1606 the param- 
eters P, P and Lx have been taken from the McGill online catalog at www.physics.mcgill.ca/ pul- 
sar/magnetar/main.html. The characteristic age is given by Age = P/2P and the WD magnetic 
moment and surface magnetic field are calculated by Eqs. ([8]) and ([9]) respectively. 



SGR 0418+5729 Swift J1822. 3-1606 AE Aquarii RXJ 0648.0-4418 EUVE J0317-855 



P(s) 


9.08 


8.44 


33.08 


13.2 


725 


P (io- 14 ) 


< 0.6 


8.3 


5.64 


< 90 




Age (Myr) 


21 


1.6 


9.3 


0.23 




L x (erg/s) 


~ 6.2 x 10 31 


~ 4.2 x 10 32 


~10 31 


~ 10 32 




-Bwd(G) 


< 9.83 x 10 7 


3.52 x 10 8 


~ 5 x 10 7 


< 1.45 x 10 9 


~ 4.5 x 10 8 


mwD (emu) 


2.65 x 10 33 


0.95 x 10 34 


~ 1.35 x 10 33 


3.48 x 10 34 


1.22 x 10 34 
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FIG. 1: (Color online) The figure shows scatter plot between period and magnetic field strength 
(upper) and magnetic dipole moment (lower) of neutrons stars and white dwarfs. The red plus sign 
points are the known pulsars from the ATNF online pulsar database. The green cross points are 
X-ray pulsars. The blue full square and the pink square correspond to SGRs and AXPs as neutron 
stars and white dwarfs respectively. The two blue full and open circle points are the recent observed 
SGR 0418+5729 and Swift J1822. 3-1606 considering neutron stars and white dwarfs parameters, 
respectively. The black full point are the three observed white dwarf pulsar candidates: the X- 
ray pulsator RX J0648.0-4418, AE Aquarii and EUVE J0317-855. The gray triangles are the 
intermediate polar and the other points are polar and isolated white dwarfs (see Terada et al. 
2008d, for details of these points). 
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